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The effect of particle size distribution on the superficial hardness of Al/SiCp composites prepared by pressureless infiltration, as well as on the
microhardness and fracture toughness (KIC) of particulate silicon carbide (SiCp) was investigated. Preforms with 0.6 volume fraction of SiC
powders (10, 68 and 140 μm) with monomodal, bimodal and trimodal distribution were infiltrated with the alloy Al–15.52 Mg–13.62 Si (wt.%) in
argon followed by nitrogen at 1100 °C for 60 min. Results show that density behaves linearly with increase in particle-size-distribution whilst
superficial hardness, microhardness and fracture toughness exhibit all a parabolic behavior. Superficial hardness behavior can be explained by the
combined effect of work-hardening in the alloy matrix and particle-to-particle impingement. Due to the highly covalent nature of SiC, the
parabolic response shown by microhardness and KIC cannot be attributed to a dislocation mechanism as in strain-hardening.
© 2007 Elsevier B.V. All rights reserved.
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Infiltration of porous ceramic preforms by liquid metals is
probably the most convenient route to fabricate metal matrix
composites (MMCs) with high volume fraction of the ceramic
reinforcement. It allows obtaining near- or net-shape composites
with uniform distribution of the reinforcements and high
dimensional stability. Most of the research efforts on Al/SiC
composites with high volume fraction of SiC have been directed
toward applications demanding low density, elevated thermal
conductivity, low coefficient of thermal expansion and high
modulus [1–9]. Electronic packaging materials with thermal
conductivity and thermal expansion coefficient similar to those
of ordinary elements in microelectronic systems are typical
examples of this type of MMCs [1–5]. To increase the volume
fraction of the ceramic phase it is necessary to accommodate
reinforcements of substantially different sizes into the porous
ceramic preforms. Consequently, depending on the application
and desired properties, particle-size-distribution becomes a key⁎ Corresponding author. Tel.: +52 844 438 9600x9678; fax: +52 438 9610.
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processing parameters and the resulting properties in the
composites will also depend on the infiltration mode, that is,
without assistance or by the application of pressure (or vacuum).
Most of the work done on composites with high volume fraction
of the ceramic phase has centered on the pressure assisted
infiltration technique aimed at preparing materials with bimodal
distribution of reinforcements [5–8]. Investigations involving
more than two particle sizes are rather limited. For instance,
Chen and co-workers conducted a comprehensive investigation
on four-modal distribution and volume fraction of SiC powders
as high as 0.74 using the squeeze casting technique under
pressures between 25 and 200 MPa [6].
Development of non-assisted or pressureless infiltration routes
not only has an impact on processing costs but also helps in
resolving many technical issues. In contrast with the pressure
assisted infiltration technique, the non-assisted infiltration route
considerably minimizes the risk of ceramic preform deformation
or evenworse its rupture during processing. Investigations related
to the use of pressureless infiltration for the preparation ofAl/SiCp
composites with high volume fraction of the reinforcements
(between 0.40 and 0.70) are also scarce [9]. To our knowledge,
Table 1
Chemical composition of the alloy prepared for pressureless infiltration (wt.%)
Mg Si Fe Mn Zn Others Al
15.52 13.62 0.99 0.15 0.13 2.61 Balance
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capillary effect for the infiltration of ceramic preforms with
trimodal distribution or higher. Cui used the pressureless melt
infiltration route to examine the potential of Al/SiCp composites
with high volume fraction of the ceramic for use as optomecha-
nical components for space-based optical systems and electronic
packages for avionics systems [9]. The author reported some
composite properties including the coefficient of thermal
expansion, thermal conductivity, flexural strength and Young's
modulus. However, no discussion about the effect of particle size
and particle size distribution on the composite properties was
presented. Furthermore, the size or sizes of the SiC powders used
in the investigation were not specified [9].
It is expected that MMCs with high volume fraction and
multimodal size distribution of the ceramic reinforcements will
exhibit physical and mechanical properties significantly different
from those of composites with low volume fraction of the ceramic
phase. The related literature shows that most of the effort has
focused on studying the deformation behavior of the composites
and that little or no attention has been paid to the reinforcements
themselves [10–20]. The objective of this workwas to investigate
the effect of bimodal and trimodal distribution of particulate
reinforcements on the superficial hardness of Al/SiC composites
processed via pressureless infiltration as well as on the
microhardness and fracture toughness of SiCp. This work is
centered on the potential to produceAl/SiCp compositeswith high
volume fraction of the ceramic by the pressureless infiltration
method using up to three different particle sizes.
2. Experimental procedures
Ceramic preforms with 0.6 volume fraction of α-SiC
powders were prepared using three different particles sizes
(10, 68 and 140 μm), three particle size distributions
(monomodal, bimodal and trimodal) and different particle size
ratios (1:1, 3:1, 1:3, 2:2:2, 3:2:1, 3:1:2). Particle-size-ratio
designation involves both, the type of preform (bimodal or
trimodal) and the proportion of each particle size. As for the
latter aspect, systematically bimodal and trimodal preforms
consist of small/large and small/medium/large particles,
respectively. For instance, 3:1 represents a bimodal preform
prepared with three parts of small SiC particles and one part of
large ones; 3:1:2 stands for a trimodal preform made up of three
parts of small particles, one part of medium and two parts of
large ones. Monomodal preforms are just designated with the
corresponding particle size. To prevent SiC attack by the liquid
aluminum alloy, the SiC particles were mixed with 10 wt.% of
SiO2 powders (∼346 μm). Incorporation of at least 6 wt.%
SiO2p has been proven to be effective in preventing formation of
the unwanted Al4C3 phase [21]. Then the powders were mixed
with 8 wt.% dextrin as binder, placed into a steel mould and
compacted uniaxially using a hydraulic press (∼3.5 MPa) to
produce plate-shaped preforms of 3 cm×4 cm×0.5 cm. The
dextrin was partially eliminated from the preforms heating in an
air furnace for 2 h at 125 °C and then for two more hours at
225 °C. The organic binder is completely eliminated during the
heating event in the infiltration trials. An aluminum alloy (Al–15.52 Mg–13.62 Si) suitable for pressureless infiltration was
specifically fabricated for this investigation in an induction
furnace. Essentially under the processing conditions the
aluminum alloy wets the SiC particles. The alloy chemical
composition is shown in Table 1.
Infiltration trials were performed in a horizontal tube furnace
with a 6.5 cm diameter alumina tube closed at both ends with end-
cap fittings to control the process atmosphere. The preform and
approximately 32 g of the alloywere placed in a ceramic container
and the whole assembly was positioned in the center of the tube.
The system was heated at a rate of 15 °C/min up to 1100 °C, held
at that temperature for 60 min and then cooled down with same
rate to room temperature. During the heating period and up to
1000 °C, the specimens were treated in ultra high purity (UHP)
argon. Then, in order to enhance the wetting of the preform by the
liquid alloy, a change in the atmosphere from Ar to UHP N2 was
conducted at 1000 °C [22]. Once the system was cooled down to
room temperature, composite specimens were prepared for
density determination (using the Archimedes' principle), micro-
structure characterization and mechanical property evaluation.
Accordingly, the composites were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDX). In order to
determine the average distance between particles, preforms with
monomodal, bimodal and trimodal size distribution were
mounted in phenolic resin and polished using standard proce-
dures. The distance between particles in the preforms was
measured using an optical microscope (OM) equipped with an
image analyzer (Image Pro-Plus 4).
Rockwell hardness tests were carried out using a steel ball (1/
16 in diameter), according to the ASTM E-18 standard
procedures. Vickers microhardness tests were performed on
medium and large SiC particles, using loads of 200, 250 and
300 g in accordance with ASTM E384-84 standard procedures.
The fracture toughness of SiCp was evaluated from the crack
extensions produced during the microindentations according to
[23]:







where E is the modulus of elasticity in GPa, P is the load in kg,
H is the microhardness in GPa, c is the crack length in meters, and
ζ is a constant parameter (for ceramics is 0.016±0.004) [2].3. Results and discussion
3.1. Microstructure characterization
Results from X-ray diffraction revealed that MgAl2O4, AlN,
MgO and Mg2Si were formed in situ during processing. These
Fig. 2. Optical photomicrographs showing the typical microstructure in composite
with a) monomodal, b) bimodal and c) trimodal distribution of SiC particles.
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and SiC. Fig. 1(a), (b), and (c) are typical diffractograms
corresponding to composites with monomodal, bimodal and
trimodal size distribution, respectively. As expected, incorpo-
ration of SiO2 particles successfully helped to avoid Al4C3
formation in the composites. The reaction mechanisms for
formation of MgAl2O4, AlN, MgO and Mg2Si in Al/SiC
composites involving Al–Mg, Al–Si alloys and SiO2 have been
extensively discussed by others [24–28]. Therefore, they will
not be detailed in this work. Fig. 2(a), (b), and (c) show typical
microstructures in composites with monomodal, bimodal, and
trimodal distribution, respectively.
3.2. Physical and mechanical property evaluation
Results show that the measured densities in the composites
(2.77–2.91 g/cm3) are similar to those reported for Al/SiC
composites prepared by the squeeze casting technique [6]. As
shown in Fig. 3, density increases linearly with particle-size-
distribution. On the other hand it was observed that particle-
size-ratio has no significant effect on the composites density.
Also it should be noted that residual porosity varied between
1% and 4%, and that there is no correlation between this
response variable neither with particle-size-distribution nor with
particle-size-ratio.
Results from Rockwell hardness tests show that superficial
hardness exhibits a parabolic behavior with increase in particle
size distribution (see Fig. 4). The average hardness values of
composites with monomodal, bimodal and trimodal distribution
are 39±3.1, 63±2.9 y 66±0.6 HR30T respectively. Each of these
values represents the average superficial hardness of all speci-
mens with the same particle size distribution regardless of particle
size ratio. The observed parabolic behavior can be explained in
terms of the deformation undergone by the metallic matrix and to
the concomitant particle–particle interference during the spherical
indentation. Image analysis in the preforms before infiltration
showed that the distance between particles varies significantly on
going from monomodal to bi- and trimodal size distribution.
Explicitly, for a monomodal preform with particle size of 68 μm,
the distance between particles is 23 μm while for bimodal and
trimodal distribution the average distances are 7.00 and 7.8 μm,Fig. 1. Typical X-ray diffraction patterns in composites with monomodal,
bimodal and trimodal size distribution. Fig. 3. Effect of SiC particle size distribution on the composites densities.
Fig. 6. Photomicrograph of a tested SiC particle of 68 μm, showing a well-
defined permanent deformation.
Fig. 4. Effect of SiC particle size distribution on the composites superficial
hardness.
69M. Montoya-Dávila et al. / Powder Technology 176 (2007) 66–71respectively. Thus, during spherical indentation and under the
same applied load, particles in composites with tri- and bimodal
distribution will collide more rapidly than those in composites
with monomodal distribution, leading to a more extensive plastic
deformation in the metallic matrix of monomodal specimens.
Therefore, the higher the particle size distribution the higher the
blockage between the SiC particles and the higher the magnitude
of the stresses developed at the metal/reinforcement interface. In
other words, greater stresses will be required to produce further
plastic deformation on going from monomodal to bimodal and
trimodal distribution. Essentially this behavior can be associated
to a dislocation mechanism in the metallic phase known as work-
hardening or strain-hardening.
The incidence of work-hardening in particulate metal matrix
composites was studied previously by Corbin and Wilkinson
establishing a model to predict the flow of a particulate-
reinforced alloy [19]. Beyond the elastic limit the model
predicts an increase in the initial work-hardening rate with
increasing particle content. Nan and Clarke proposed that
depending on the particle size range a different model might be
applicable [29]. Modeling the deformation response of MMCs
in terms of an effective medium approach combined with the
essential features of dislocation plasticity, Nan and Clarke found
a good correlation with experimental stress–strain curves [29].
In the current work particle volume fraction was constant (0.6);
therefore, work-hardening in the metallic matrix can only be
attributed to the combined effect of particle size distribution and
particle impingement.Fig. 5. SiCp microhardness as a function of particle size distribution.The SiC Vickers-hardness values in composites with mono-
modal, bimodal and trimodal size distribution are 2339±223,
3360±320 and 3464±368 kg/mm2, respectively. And as shown
in Fig. 5, SiCp microhardness exhibits a parabolic behavior with
increment in particle size distribution. Fig. 6 is the photomicro-
graph of a tested SiC particle of 68 μm, showing a well-defined
permanent deformation produced by the indentation and the
propagation of some cracks. Interestingly and similar to the
microhardness behavior the magnitude of fracture toughness
(KIC) also increases parabolically with increase in particle size
distribution (see Fig. 7). Like in the case of density, Vickers
microhardness andKIC values in the graphs represent the average
from all composites having the same particle size distribution
(monomodal, bimodal or trimodal), irrespective of particle size
ratio.
Most single-crystal and polycrystalline ceramics fracture in a
brittle mode with no plastic deformation. This behavior is
determined by a competition between creation/movement of
dislocations and stress concentration at microstructural defects.
If the applied stress first reaches the yield stress for dislocation
motion, plastic deformation will occur. If the local stress first
reaches the critical fracture stress at a microstructural defect
(such as a pore, crack or inclusion) in the material, brittle
fracture will occur. For plastic deformation to be possible in
ceramic materials, it has been determined that five independent
slip systems must be present in the crystal structure [30]. Most
ceramics have three or less slip systems at room temperatureFig. 7. SiCp fracture toughness (KIC) as a function of particle size distribution.
Fig. 8. SEM photomicrographs of typical fracture surfaces in the Al/SiCp
composites, showing the good bonding that exists between the SiC particles and
the aluminum matrix.
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under an applied load, plastic or permanent deformation is
likely to occur but locally or in an extremely limited degree.
Accordingly, the parabolic behavior exhibited by microhard-
ness and KIC cannot be directly associated to a work-hardening
effect in SiC. A hypothetical explanation for this behavior
would be load transfer from the indented particle to the metallic
matrix and then to other neighboring SiC particles through the
ceramic/metal interfaces. This would require extensive dislo-
cation mobility, which for a highly covalent material like SiC it
is rather difficult to occur. Certainly, the triaxial compression
state of stresses developed during the indentation leads to
enough dislocation mobility to produce the indent. Primarily
this is because the alpha polymorph of SiC has many polytypes
corresponding to different packing sequences of parallel layers
of tetrahedra [31]. However, outside the small or tiny region
resulting from the indentation there is no mobility. In this sense,
more detailed studies would be required to explain the parabolic
behavior observed in SiCp Vickers-hardness and fracture-
toughness with increment in particle size distribution.
In general, KIC values are slightly higher than those reported
previously for Al/SiCp composites processed by pressureless
infiltration with monomodal distribution, using SiC particles of
75 μm (3.7±0.5 MPa m1/2) [32]. Although the particle sizes
used in this work are different from those employed previously
in monomodal composites [32], the current results confirm thesuperior fracture toughness of SiC particles in composites with
bi- and trimodal distributions.
Although a discussion on the composites modulus-of-rupture
(MOR) is beyond the scope of this paper, here we briefly present
some results on the fracture surface analysis carried out in
specimens after four-point bending tests. Fig. 8(a) and (b) are SEM
photomicrographs of typical fracture surfaces in the composites. In
spite of the extensive plastic deformation and ductile fracture
undergone by the metallic phase, the good condition of the
reinforcement/matrix interface (see Fig. 8(b)) after the flexural
trials suggests that the bonding between the SiC particles and the
metallic matrix is strong enough to support the load transfer from
the matrix to the reinforcements. These interface bonding
characteristics are worthy of mentioning, particularly for compo-
sites processed without the assistance of pressure or vacuum.
4. Summary and conclusions
The microhardness and fracture toughness of SiCp as well as
the superficial hardness of Al/SiCp composites with mono-, bi-
and trimodal distribution of reinforcements prepared by non-
assisted infiltration were evaluated. Microhardness tests
revealed that after processing the SiC particles are in good
condition, exhibiting KIC values similar to those reported in the
literature for polycrystalline SiC [30]. Results show that while
density increases linearly with particle size distribution, the
composites superficial hardness as well as microhardness/
fracture toughness of SiCp show all a parabolic behavior. In the
case of superficial hardness this behavior is attributed to a work-
hardening effect in the metallic matrix and to particle–particle
impingement. However, from our current results and due to the
highly covalent nature of SiC, the parabolic behavior observed
in microhardness and fracture toughness cannot be directly
explained by the same dislocation model.
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